Abstract--Synthetic Al-hematites prepared from ferrihydrites, at low (~ 100~ and high (400 ~ and 800"C) temperatures were studied for their morphological, crystallochemical, and infrared (IR) characteristics. Low-temperature Al-hematites had a platy morphology (the plate thickness was inversely related to amount of A1 substitution), and the high temperature Al-hematites showed a poorly defined morphology due to interparticle sintering. In the low-temperature Al-hematites shifts in the IR mode frequencies were noted and could be partly explained by a shape factor that was deduced from particle morphology. The intrinsic effect of AI substitution, however, was to produce shifts of as much as 10-15 cm-I for the highest A1 substitution (~ 16%). Similar shifts were observed for the high-temperature hematites in which morphology was not appreciably affected by A1 substitution.
INTRODUCTION
Hematite (a-Fe203) is present in many soils and sediments (Schwertmann and Taylor, 1977) and, similar to other iron oxides, can show substantial AI substitution (Janot and Gibert, 1970; Bigham et al., 1978; Torrent et al., 1980) . Although as much as 16 mole % AI substitution has been found in synthesis experiments at low (70~ (Schwertmann et al., 1979) and high temperatures (~ 1000*C) (e.g., von Steinwehr, 1967) , natural hematites are less Al-rich.
Al-substituted hematites have an a0 value that decreases with increasing A1 substitution (although there is a marked deviation from Vegard's rule) and may show inhibited growth in the crystallographic z-direction at substitutions > 3-4 mole % A1 (Schwertmann et al., 1979) . A1 substitution also affects the infrared (IR) spectrum of hematite; Schwertmann et al. (1979) found that for hematites synthesized at low temperature (< 100*C), absorption bands shifted to lower frequencies with AI substitution, probably because the smaller A1 cation attracts oxygen atoms from neighboring FeO6-octahedra thereby lengthening the Fe-O bond. In contrast, Mendelovici and Yariv (1981) , in a study oflateritic bauxites from Venezuela, observed a shift to higher absorption values for Al-hematites heated at high temperatures (600"--1000~ Rend6n and Serna (1981) demonstrated that the IR spectrum of hematite microcrystals depends on the shape of the particles, an effect that can be accounted for by the use of a pure phonon theory (Serna et al., 1982) . Because
Copyright 9 1984, The Clay Minerals Society A1 induces morphological changes in hematite, the objective of the present study was to elucidate the influence of A1 substitution on IR spectra per se, as well as indirectly through morphological changes.
EXPERIMENTAL
Three series of hematites were examined. Series A ("low temperature") was prepared for coprecipitating 10 mmole of Fe + AI nitrates (mole % AI = 0-16%) with 2 M KOH to a final volume of 200 ml and pH 9. Na-citrate was then added to a final concentration of 2 x 10 5 M. The pH was readjusted to 9, if necessary, and the suspension was kept at about 100~ in polypropylene bottles and shaken occasionally by hand. After 8 days, the resulting products were treated with pH 3 NH4-oxalate to remove any residual noncrystalline material. The salts were removed by washing at pH 8 to obtain good flocculation, and the solid products were dried at 60*(2 and gently crushed. In series B1 and B2 ("high temperature"), ferrihydrite was prepared as in series A, but by precipitating with a 13% NH3 solution to a final pH of 7 and a final suspension volume of 150 ml. The suspension was dialyzed against deionized water, and the salt-free solid product was freeze dried. Hematite products from series B 1 and B2 were obtained by heating the precipitates to 400 ~ and 800"C, respectively. Noncrystalline material was removed and the products were treated as for series A.
The hematite products were identified by X-ray powder diffraction, and their unit-cell parameters were determined using the 104 and 110 lines (with PbNO3 as 475 Figure 1 . Electron micrographs of"low-temperature" hematites differing in A1 substitution, la = 0.1 mole %; lb = 4.3 mole %; lc = 12.8 mole %; ld = 16.0 mole %. internal standard). The ratio A1/(AI + Fe) was determined by atomic absorption after dissolving the hematites in cold 11 M HC1. Electron micrographs (Philips EM 300 electron microscope) were obtained after dispersing the sample in acetone and evaporating a drop of the suspension on a carbon-coated copper grid. The IR spectra of the samples were recorded from KBr disks using a Perkin-Elmer 580B spectrophotometer. The precision was better than 2 cm -l.
RESULTS AND DISCUSSION

Crystallochemical and morphological characteristics
Under the transmission electron microscope (TEM) the low-temperature hematites exhibited a platy morphology (Figure 1 ). At low A1 substitution, the plates were hexagonal, about 500/k in diameter and relatively thick. As A1 substitution increased the plates seemed to be thinner and to have a roughly circular outline; their diameter increased to > 1500 /k at A1 substitutions greater than 12-13%. Aluminum substitution appeared, therelbre, to promote anisotropic growth, as previously observed by Schwertmann et al. (1979) . This anisotropic growth could be estimated from the X-ray powder diffractograms of hematites, by measuring the widths of half height (WHH) of the 104 and 110 lines which are, respectively, a measure of crystal thickness normal to a near basal plane, and to a nonbasal plane. For series A WHH(104) increased by a factor of about 3 from unsubstituted to highly substituted hematites and WHH(110) decreased by a factor of about 1.3, i.e., the particles tended to be thinner and larger, in agreement with TEM observations. This trend can be expressed by the WHH(104)/WHH(110) ratio which is an estimate of the diameter/thickness ratio of the crystals and which increased with A1 substitution (Table  l) .
High-temperature hematites, regardless of their degree of substitution, had a poorly defined morphology (Figure 2 ) which is characteristic of sintering processes. Their WWW(104)/WHH(110) ratios were usually close to 1, excluding, thus, any substantial anisotropic growth (Table 1) .
In all series, the ao and Co values decreased with increased A1 content ( Table 1) . Most of these values were higher than those calculated by Vegard's rule, although the deviation was more marked for series A. These deviations may be related to the presence of bound water in the hematite structure (Wolska, 1981) .
Thus, the amount of extra water seemed to be inversely related to the temperature of formation. In any case, the relationship between the cell parameters and the amount of A1 substitution varied, as is also evident from the data of von Steinwehr (1967), Caillere et al. (1960) , Wolska (1976) , and Schwertmann et al. (1979) .
Infrared absorption spectra
Because the IR spectrum o f powdered hematite depends on particle shape (Rend6n and Serna, 1981 , 1982) , marked differences in the IR spectra of our samples were expected, irrespective of the intrinsic effect of aluminum. Hematite (D66 symmetry) gives 6 IR-active vibrations, two A2~ (EIIC) and four E~ (E_LC), in the 30-1000-cm -' range. For particles much smaller than the radiation wavelength, however, as with the hematites in the present investigation, absorptions due to "surface modes" should appear for each mode between their crystal transverse (WT) and longitudinal (WE) frequencies (Ruppin and Englman, 1970) . The IR spectra of the low-temperature Al-hematites are shown in Figure 3 and the absorption maxima in Table 2 . The absorption band at 230 cm -~ was not observed when KBr pellets were used. In agreement with their platy morphology (as seen by the TEM), the IR spectra of the low-temperature hematites showed a relative intensity greater for the E~ modes ( E I C ) than for the A2, modes (EIIC). In addition, as theoretically expected, with decreasing particle thickness (increasing A1 content), the A2~ modes shifted to higher frequencies, whereas the E~ modes shifted to lower ones. Thus, A 2 . approached W L as the E. modes approached W T. Infrared-active vibrations.
For hematite and other corundum-type microcrystals, IR maxima depend on a shape factor, G, of the particle (Serna et aL, 1982) . G varies between 0 and 1 depending on the axial ratios of the ellipsoid such that G, + G2 + G3 = 1, where the subscripts refer to each principal axis. For a revolution ellipsoid, two of the axial ratios are equal and Gt + 2G2 = 1, or G~ + 2G~ = 1. For series A, the G, and GI values, determined by the method of Serna et al. (1982, Figure 4) , depended on the amount of AI substitution ( Figure 4) . As Al increased, G• decreased and G, increased, a result that can be interpreted as a decrease in particle thickness along the z-direction, in agreement with the XRD data and the TEM observations. In series B 1 and B2 no clear trends for the A2, and E, modes (data not shown) were noted due probably to the absence of a unique morphology in these samples, as evidenced by TEM observations. Although the contribution from each morphology to the total IR spectrum of a powder sample can be evaluated (Serna et al., 1982) , the values obtained for G, and G~ were adjusted reasonably well to the spectra. Thus, for series B 1, the G values ranged between 0.74 and 0.56, and for series B2, between 0.56 and 0.40. These values indicate a better development of the crystal z-direction due to particle sintering at elevated temperature (Rend6n and Serna, 1981; Rend6n et al., 1983) . Because the presence of aluminum did not apparently produce morphological changes in the high-temperature hematites, the intrinsic contribution of Al to the IR spectrum of hematite was then estimated. For the IR spectra of series B1 and B2, frequency differences of 10-15 cm -L (depending on the mode) were observed between the unsubstituted and highly substituted samples ( Figure 5 ). In addition, all of the modes were shifted to higher frequencies, i.e., they shifted towards the corundum (c~-A1203) modes, as expected. Similar behavior, in direction and magnitude, was observed for the lattice vibrations of Al-substituted goethites (Fey and Dixon, 1981) .
Further evidence of the intrinsic effect of A1 on the vibrational modes of hematite came from series A. It should be noted that the IR spectrum of the hematite with the highest substitution (16 mole % A1) was rather similar to that of the hematite obtained by heating goethite at 250~ a hematite of platy morphology (Rend6n and Serna, 1981) . Here again, the modes were shifted as much as 10-15 cm -] to higher frequencies for the Al-hematite with respect to unsubstituted hematite. If corundum is the end member of the substitution of Al for Fe in hematite, differences in frequency for the corresponding modes range from 100 to 150 cm-L Therefore, the observed frequency differences between pure and Al-hematites were as expected from linear interpolation between the IR frequencies of hematite and corundum.
In summary, the effect of AI substitution per se, on the IR spectra of hematites is to produce shifts in the mode frequencies of as much as 10-15 cm -1 for the greatest Al substitution (~ 16%). For those hematites having Al-induced, platy morphology, however, shifts can be higher as a result of the combined effect of morphology and A1 substitution.
